Recombinant Ad5 vector-based vaccines expressing SIV Gag have been shown to afford dramatic control of viral replication following simian-human immunodeficiency virus (SHIV) 89.6P challenge of rhesus monkeys[@R4], [@R5]. However, rAd5-Gag vaccines have failed to reduce peak or setpoint viral loads following SIVmac239 challenge of rhesus monkeys[@R3], highlighting important differences in the stringencies of these challenge models. Heterologous DNA prime, rAd5 boost vaccine regimens have also failed to date to reduce setpoint viral loads following SIV challenge of rhesus monkeys that lacked the protective MHC class I allele Mamu-A\*01[@R3], [@R6]. The inability of vector-based vaccines to afford durable control of setpoint viral loads following SIV challenge of Mamu-A\*01-negative rhesus monkeys has led to substantial debate regarding the viability of the concept of developing T cell-based vaccines for HIV-1.

Pre-existing Ad5-specific NAbs have been reported to reduce the immunogenicity of rAd5 vector-based vaccines in clinical trials[@R7], [@R8] and may also compromise their safety[@R1]. Rare serotype rAd vectors, such as rAd35 and rAd26 vectors[@R9]-[@R12], have been developed as potential alternatives. Serologically distinct rAd vectors also allow the potential development of heterologous rAd prime-boost regimens. To investigate the immunogenicity and protective efficacy of such regimens, we immunized 22 Indian-origin rhesus monkeys that lacked the protective MHC class I alleles Mamu-A\*01[@R13]-[@R15] and Mamu-B\*17[@R16] with the following heterologous or homologous rAd prime-boost regimens: (1) rAd26-Gag prime, rAd5-Gag boost (N=6); (2) rAd35-Gag prime, rAd5-Gag boost (N=6); (3) rAd5-Gag prime, rAd5-Gag boost (N=4); and (4) sham controls (N=6). One monkey each in Groups 1, 3, and 4 expressed the protective Mamu-B\*08 allele. Monkeys were primed at week 0 and boosted at week 24 with 10[@R11] vp of each vector expressing SIVmac239 Gag. At week 52, all animals received a high-dose i.v. challenge with 100 infectious doses of SIVmac251[@R6].

Prior to challenge, we monitored vaccine-elicited SIV Gag-specific cellular ([Fig. 1a-c](#F1){ref-type="fig"}) and humoral ([Fig. 1d](#F1){ref-type="fig"}) immune responses in these animals. Following the priming immunization, IFN-γ ELISPOT responses to pooled SIV Gag peptides were observed in all vaccinees. Monkeys primed with rAd26-Gag and rAd35-Gag were efficiently boosted by the heterologous rAd5-Gag vector to peak responses of 2,513 and 1,163 spot-forming cells (SFC) per 10[@R6] PBMC, respectively, two weeks following the boost immunization ([Fig. 1a](#F1){ref-type="fig"}; green bars). In contrast, monkeys primed with rAd5-Gag were only marginally boosted by a second injection of rAd5-Gag as a result of anti-vector immunity generated by the priming immunization[@R11], [@R17]. Cell-depleted ELISPOT assays demonstrated that these responses were primarily CD8+ T lymphocyte responses, although lower levels of CD4+ T lymphocyte responses were also clearly observed ([Fig. 1b](#F1){ref-type="fig"}). Epitope mapping was then performed by assessing ELISPOT responses against all 125 individual 15 amino acid SIV Gag peptides following the boost immunization. The rAd26/rAd5 regimen elicited a mean of 8.6 detectable Gag epitopes per animal, whereas the rAd35/rAd5 regimen elicited a mean of 4.5 epitopes per animal and the rAd5/rAd5 regimen induced a mean of only 2.2 epitopes per animal ([Fig. 1c](#F1){ref-type="fig"}). These data demonstrate that the heterologous rAd26/rAd5 regimen induced an 8.7-fold greater magnitude and a 3.9-fold increased breadth of Gag-specific cellular immune responses as compared with the homologous rAd5/rAd5 regimen.

We next assessed the functionality of the vaccine-elicited, Gag-specific T lymphocyte responses by multiparameter flow cytometry[@R18], [@R19]. Intracellular cytokine staining (ICS) assays were performed to assess IFN-γ, TNF-α, and IL-2 secretion in CD8+ and CD4+ central memory (CM; CD28+CD95+) and effector memory (EM; CD28-CD95+) T lymphocyte subpopulations[@R20], [@R21]. Consistent with our previous findings[@R11], we observed larger proportions of polyfunctional IFN-γ/TNF-α/IL-2-positive (black) and IL-2-positive (yellow) CD8+ and CD4+ T lymphocyte responses in the animals that received the heterologous rAd26/rAd5 regimen as compared with the homologous rAd5/rAd5 regimen ([Fig. 1e](#F1){ref-type="fig"}). In contrast, the rAd5/rAd5 regimen elicited primarily IFN-γ-positive (red) and IFN-γ/TNF-α-positive (blue) responses.

Six months following the boost immunization, all animals were challenged i.v. with SIVmac251. Protective efficacy was evaluated by monitoring plasma SIV RNA levels ([Fig. 2a, b](#F2){ref-type="fig"}), CD4+ T lymphocyte counts ([Fig. 2c](#F2){ref-type="fig"}), and clinical disease progression and mortality ([Fig. 2d](#F2){ref-type="fig"}) following challenge. Monkeys that received the rAd26/rAd5 regimen exhibited mean peak viral loads that were 1.43 logs lower than the mean peak viral loads in the control animals ([Fig. 2a, b](#F2){ref-type="fig"}; P=0.002, two-sided Wilcoxon rank-sum test with multiple comparison adjustments). More importantly, the rAd26/rAd5 vaccinated animals also demonstrated durable partial control of setpoint viral loads, as defined as the mean SIV RNA levels from day 112 to day 420 following challenge. In particular, the rAd26/rAd5 vaccinated monkeys maintained a 2.44 log reduction of setpoint viral loads as compared with the control animals ([Fig. 2a, b](#F2){ref-type="fig"}; P=0.01). If the three Mamu-B\*08-positive animals are excluded from the analysis, then the rAd26/rAd5 regimen afforded a 2.66 log reduction of setpoint viral loads as compared with control animals (P=0.008; data not shown). As expected, the homologous rAd5/rAd5 regimen afforded no detectable control of setpoint viral loads, consistent with the previously reported failure of this regimen in this stringent SIV challenge model[@R3].

Monkeys that received the rAd26/rAd5 regimen also demonstrated slower declines in CD4+ T lymphocyte counts as compared with the other groups ([Fig. 2c](#F2){ref-type="fig"}). Moreover, the rAd26/rAd5 vaccine afforded a significant reduction in AIDS-related mortality as compared with the controls at day 500 following challenge ([Fig. 2d](#F2){ref-type="fig"}; P=0.03, Fisher's exact test), whereas the rAd35/rAd5 and rAd5/rAd5 vaccines provided a trend towards a survival advantage. Necropsies revealed that the causes of death were AIDS-defining illnesses, including *Pneumocystis* pneumonia, *Cryptosporidium* enteritis, cytomegalovirus pneumonia, SIV encephalitis, and lymphoma.

We next evaluated the evolution of SIV-specific cellular ([Fig. 3a, c, e](#F3){ref-type="fig"}) and humoral ([Fig. 3b, d](#F3){ref-type="fig"}) immune responses in these animals following challenge. The rAd26/rAd5 vaccinees exhibited 10-fold greater anamestic Gag-specific ELISPOT responses as compared with the controls during both acute and chronic infection ([Fig. 3a](#F3){ref-type="fig"}; black bars), suggesting the critical importance of these responses for immune control. In contrast, Pol-, Nef- and Env-specific cellular immune responses were either comparable or lower in magnitude in the rAd26/rAd5 vaccinees as compared with the other groups ([Fig. 3a](#F3){ref-type="fig"}). The rAd26/rAd5 vaccinees thus exhibited less extensive diversification of cellular immune responses against multiple SIV antigens as compared with the other groups, likely reflecting the reduced viral replication in these animals. Phenotypic analysis of the Gag-specific CD8+ T lymphocyte responses in the rAd26/rAd5 vaccinees demonstrated slightly higher expression of IFN-γ and TNF-α but 6.7-fold greater expression of IL-2 as compared with the rAd5/rAd5 vaccinees following challenge ([Fig. 3c](#F3){ref-type="fig"}; green bars). These data suggest that not only quantitative but also qualitative differences among the vaccine regimens may have contributed to protective efficacy.

We assessed the breadth of Gag-specific cellular immune responses on day 28 following challenge by epitope mapping using 15 amino acid peptides ([Fig. 3e](#F3){ref-type="fig"}). The monkeys that received the rAd26/rAd5 regimen developed a mean of 16.1 (range 4-29) Gag epitope-specific responses following challenge. In contrast, the control animals developed \<1 detectable Gag epitope-specific response following challenge. Importantly, both the breadth and the magnitude of Gag-specific cellular immune responses elicited by vaccination (P=0.0049 and P=0.0025, respectively, Spearman rank-correlation tests) and recalled following challenge (P=0.018 and P=0.024, respectively) correlated with control of setpoint viral loads in these animals ([Fig. 3f](#F3){ref-type="fig"}).

Humoral immune responses were evaluated by Gag- and Env-specific ELISAs as well as by luciferase-based pseudovirus neutralizing antibody (NAb) assays utilizing both TCLA-adapted and primary isolate SIVmac251 viruses[@R22] ([Fig. 3b](#F3){ref-type="fig"}). The vaccinees developed more rapid kinetics of Gag-specific ELISA responses as compared with the controls following challenge, but no clear differences of Env-specific ELISA or NAb responses were observed among groups. The vaccinees also developed more rapid kinetics of antibody-dependent cell-mediated virus inhibition (ADCVI)[@R23] as compared with the controls on day 14 following challenge ([Fig. 3d](#F3){ref-type="fig"}; P=0.01), suggesting the potential functional relevance of nonclassical antibody responses in early SIV infection.

We next monitored CD4+ T lymphocyte dynamics in these animals following challenge. The monkeys that received the rAd26/rAd5 regimen exhibited a relative preservation of central memory CD4+ T lymphocytes[@R6] ([Fig. 4a](#F4){ref-type="fig"}; black bars; P=0.02, Wilcoxon rank-sum test) as well as a striking preservation of CCR5+ central memory CD4+ T lymphocytes[@R24], [@R25] ([Fig. 4b](#F4){ref-type="fig"}; black bars; P=0.002) as compared with the controls on day 14 following challenge. The rAd26/rAd5 vaccinees also exhibited reduced Ki67+ proliferation of CCR5+ central memory ([Fig. 4d](#F4){ref-type="fig"}; P=0.004) and effector memory ([Fig. 4f](#F4){ref-type="fig"}; P=0.004) CD4+ T lymphocytes as compared with the controls following challenge. In addition, monkeys that received the rAd26/rAd5 regimen maintained markedly higher levels of gastrointestinal CD4+ T lymphocytes in duodenal biopsies on day 21 following challenge as compared with the controls, which showed extensive depletion of this lymphocyte population during acute infection as expected[@R26]-[@R28] ([Fig. 4g](#F4){ref-type="fig"}; P=0.02, Wilcoxon rank-sum test).

Our data demonstrate that the heterologous rAd26/rAd5 regimen elicited improved magnitude, breadth, and functionality of Gag-specific cellular immune responses as compared with the homologous rAd5/rAd5 regimen and afforded durable partial immune control of a homologous SIVmac251 challenge in rhesus monkeys. To the best of our knowledge, vector-based vaccines have not previously been reported to reduce setpoint viral loads in the stringent system of SIV challenge of Mamu-A\*01-negative rhesus monkeys[@R3], [@R6], although a previous study has shown partial control of setpoint viral loads using a DNA/rAd5 regimen in the less stringent system of Mamu-A\*01-positive rhesus monkeys[@R29]. In the present study, the breadth and magnitude of vaccine-elicited, Gag-specific cellular immune responses prior to challenge correlated with control of setpoint viral loads following challenge ([Fig. 3f](#F3){ref-type="fig"}), suggesting the critical importance of Gag-specific T lymphocyte responses in controlling viral replication. Protective efficacy was also associated with improved functionality of Gag-specific T lymphocyte responses ([Fig. 1e](#F1){ref-type="fig"}, [3c](#F3){ref-type="fig"}), reduced diversification of responses against other SIV antigens following challenge ([Fig. 3a](#F3){ref-type="fig"}), and preservation of CCR5+ central memory CD4+ T lymphocytes and gastrointestinal CD4+ T lymphocytes following challenge ([Fig. 4b, g](#F4){ref-type="fig"}), although some of these parameters may reflect the result rather than the cause of the reduced viral replication.

It is important to highlight the fact that the vaccines utilized in the present study expressed only a single SIV Gag antigen and did not include a homologous Env immunogen. The observed protective efficacy was therefore likely mediated by vaccine-elicited Gag-specific cellular immune responses, since it is unlikely that Gag-specific antibodies afforded substantial protection. Consistent with these data, a previous study reported that the breadth of Gag-specific cellular immune responses correlated with control of viral loads in chronically HIV-1-infected humans[@R30]. It remains possible, however, that other SIV antigens may also contribute to cellular immune protection if included in a multivalent vaccine. Future studies should address this possibility and evaluate the protective efficacy of optimal vaccine regimens against highly heterologous SIV challenges. The potential role of early ADCVI responses should also be explored, since ADCVI activity emerged more rapidly in the vaccinees as compared with the controls following challenge ([Fig. 3d](#F3){ref-type="fig"}). These responses likely reflect immune preservation in the vaccinees rather than a direct result of vaccination, since ADCVI activity has been reported to be mediated by Env-specific antibodies[@R23].

Despite current controversies regarding the use of rAd vector-based vaccines for HIV-1, our data have important implications regarding the development of next generation T cell-based vaccines by the proof-of-concept demonstration that durable partial immune control of a pathogenic SIV challenge can be achieved in Mamu-A\*01-negative rhesus monkeys. It remains unclear, however, whether the observed protection reflected the use of rAd26 vectors, the heterologous rAd prime-boost regimen, or both. Additional studies will therefore be required to evaluate these possibilities and to determine the utility of regimens consisting of two rare serotype rAd vectors. In conclusion, our findings suggest that T cell-based vaccine regimens that elicit augmented magnitude, breadth, and polyfunctionality of cellular immune responses as compared with the homologous rAd5 regimen may afford superior protective efficacy against both HIV-1 and other pathogens.

Methods Summary {#S1}
===============

Outbred rhesus monkeys were vaccinated with 10[@R11] viral particles (vp) replication-incompetent, E1/E3-deleted rAd5, rAd35, or rAd26 vectors[@R10]-[@R12] expressing SIVmac239 Gag at weeks 0 and 24. Sham controls received 10[@R11] vp empty vectors. At week 52, all animals received an i.v. inoculation of 100 infectious doses of SIVmac251 as described[@R6]. SIV RNA levels were assessed following challenge on days 0, 3, 7, 10, 14, 21, then weekly until day 42, biweekly until day 84, and monthly thereafter. SIV-specific cellular immune responses were assessed by IFN-γ ELISPOT assays and multiparameter intracellular cytokine staining (ICS) assays[@R11], [@R20], [@R21]. Gastrointestinal CD4+ T lymphocytes were evaluated following collagenase digestion of duodenal biopsies and percoll gradient purification. SIV-specific humoral immune responses were evaluated by ELISAs, luciferase-based pseudovirus neutralization assays[@R22], and antibody-dependent cell-mediated virus inhibition (ADCVI) assays[@R23].

Methods {#S2}
=======

Animals, immunizations, and challenge {#S3}
-------------------------------------

Outbred rhesus monkeys that did not express the MHC class I alleles Mamu-A\*01 and Mamu-B\*17 were housed at New England Primate Research Center (NEPRC), Southborough, MA. Immunizations involved 10[@R11] viral particles (vp) replication-incompetent, E1/E3-deleted rAd5, rAd35, or rAd26 vectors[@R10]-[@R12] expressing SIVmac239 Gag delivered as 1 ml injections i.m. in both quadriceps muscles at weeks 0 and 24. Sham controls received 10[@R11] vp empty vectors. At week 52, all animals received an i.v. inoculation of 100 infectious doses of SIVmac251 as described[@R6]. SIV RNA levels were assessed following challenge on days 0, 3, 7, 10, 14, 21, then weekly until day 42, biweekly until day 84, and monthly thereafter (Siemans Diagnostics). All animal studies were approved by our Institutional Animal Care and Use Committees (IACUC).

Cellular immune assays {#S4}
----------------------

SIV-specific cellular immune responses were assessed by IFN-γ ELISPOT assays and multiparameter intracellular cytokine staining (ICS) assays essentially as described[@R11], [@R20], [@R21]. ELISPOT assays utilized pooled or individual SIV Gag peptides. 8-color ICS assays utilized pooled SIV Gag peptides and the following mAbs (BD Pharmingen): anti-CD3-Alexa700 (SP34), anti-CD4-AmCyan (L200), anti-CD8-APC-Cy7 (SK1), anti-CD28-PerCP-Cy5.5 (L293), anti-CD95-PE (DX2), anti-IFN-γ-PE-Cy7 (B27), anti-IL-2-APC (MQ1-17H12), and anti-TNF-α-FITC (Mab11). Assessment of T lymphocyte dynamics utilized the following mAbs: anti-CD3-Alexa700 (SP34), anti-CD4-AmCyan (L200), anti-CD8-APC-Cy7 (SK1), anti-CD28-PerCP-Cy5.5 (L293), anti-CD95-APC (DX2), anti-CCR5-PE (3A9), anti-HLA-DR-PE-Cy7 (L243), and anti-Ki67-FITC (B56). Gastrointestinal CD4+ T lymphocytes were evaluated following collagenase digestion of duodenal biopsies and percoll gradient purification.

Humoral immune assays {#S5}
---------------------

SIV-specific humoral immune responses were evaluated by SIV Gag- and SIV Env gp130-specific ELISAs, luciferase-based pseudovirus neutralization assays (TCLA and primary isolate)[@R22], and antibody-dependent cell-mediated virus inhibition (ADCVI) assays[@R23] essentially as described.
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![Immunogenicity of heterologous rAd prime-boost vaccine regimens\
Rhesus monkeys were primed at week 0 and boosted at week 24 with rAd26/rAd5, rAd35/rAd5, or rAd5/rAd5 regimens expressing SIV Gag. **a**, Gag-specific IFN-γ ELISPOT assays were performed at weeks 0, 2, 24, 26, and 52 following immune priming. **b**, CD4+ (white bars) and CD8+ (black bars) T lymphocyte responses were evaluated at week 28 by CD8-depleted and CD4-depleted ELISPOT assays, respectively. **c**, Breadth of responses was determined by Gag epitope mapping at week 28. **d**, Gag-specific antibody responses were determined by ELISA at week 28. Mean responses with standard errors are shown (**a-d**). **e**, Functionality of Gag-specific CD8+ and CD4+ central memory (CM; CD28+CD95+) and effector memory (EM; CD28-CD95+) T lymphocyte responses were assessed by 8-color intracellular cytokine staining (ICS) assays. Proportions of IFN-γ, TNF-α, and IL-2 responses are depicted individually and in all possible combinations for each cellular subpopulation. CD4+ EM responses following rAd5/rAd5 immunization were below the detection limit of the assay.](nihms71769f1){#F1}

###### Protective efficacy of heterologous rAd prime-boost vaccine regimens

Monkeys were challenged i.v. with SIVmac251, and protective efficacy was monitored by SIV RNA levels (**a**, **b**), CD4+ T lymphocyte counts (**c**), and clinical disease progression and mortality (**d**) following challenge. Viral loads are depicted longitudinally for each group (**a**), and peak (day 14) and setpoint (day 112-420) viral loads are summarized for each group (**b**). Asterisks indicate mortality. Comparisons among groups were performed by two-sided Wilcoxon rank-sum (**a**, **b**) and Fisher's exact (**d**) tests.
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###### Cellular and humoral immune responses following challenge

Cellular (**a**, **c**, **e**) and humoral (**b**, **d**) immune responses were assessed following challenge. IFN-γ ELISPOT assays (**a**) and ELISA and NAb assays (**b**) were performed on days 0, 14, 28, 56, and 112 following challenge. 8-color ICS assays on day 28 (**c**), ADCVI assays at 1:100 serum dilution at multiple timepoints (**d**), and Gag epitope mapping studies on day 28 (**e**) were also performed. Mean responses with standard errors are shown (**a-e**). **f**, Correlations between the breadth (left panels) or magnitude (right panels) of pre-challenge (upper panels) or post-challenge (lower panels) Gag-specific cellular immune responses and setpoint viral loads were evaluated by two-sided Spearman rank correlation tests. Monkeys immunized with rAd26/rAd5 (triangles), rAd35/rAd5 (diamonds), rAd5/rAd5 (squares), and sham (circles) vaccine regimens are depicted.
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![CD4+ T lymphocyte dynamics following challenge\
Preservation of central memory (CM; CD28+CD95+) CD4+ T lymphocytes (**a**) and CCR5+ central memory CD4+ T lymphocytes (**b**) was assessed on days 0, 14, 28, 56, and 112 following challenge. Ki67 staining of central memory CD4+ (**c**), CCR5+ central memory CD4+ (**d**), effector memory (EM; CD28-CD95+) CD4+ (**e**), and CCR5+ effector memory CD4+ (**f**) T lymphocytes was also determined. Mean responses with standard errors are shown (**a-f**). **g**, Preservation of gastrointestinal CD4+ T lymphocytes was assessed in duodenal biopsies on day 21 following challenge. Comparisons were performed by two-sided Wilcoxon rank-sum tests.](nihms71769f4){#F4}
